Introduction
Since many years, poly(vinylidene fluoride) (PVDF) has attracted great attention because of its pyroelectric and piezoelectric properties. This polymer exhibits stable electric polarization (ferroelectricity) that can be influenced by mechanical field (piezoelectricity) and by a change of temperature (pyroelectricity). The piezo-and pyroelectricity depends on a structure of material, particularly on phase content, which in turn is highly affected by processing conditions. PVDF can exist in at least five crystallographic modifications, non-polar monoclinic α, in which molecules with TGTG -conformation are arranged in such a way that the molecular dipoles are antiparallel, three polar forms with parallel arrangement of molecular dipoles -most polar orthorhombic β with TTT conformation, monoclinic γ with T 3 GT 3 G -conformation, δ phase -polar analog of the α phase, and ε phase -non-polar analog of the γ phase [1] . Three of them, α, β, and γ can be obtained during melt crystallization. Melt crystallization during cooling at conventional rates results in formation either α or γ crystals, depending on the temperature. At temperature below 423-428 K pure α crystals are formed [2] [3] [4] , while above this temperature a mixture of α and γ phases is found. At temperatures above 433 K, formation of γ crystals is increased by solid state phase transition α→γ [5] [6] [7] [8] [9] [10] [11] [12] . Melt crystallization quenching at c.a. 800 K . s -1 leads to formation of β phase [13] . Ultra-fast calorimetry experiments indicate that β phase may be obtained from melt at cooling rates above 2000 K . s -1 [14] . The other, traditional ways for obtaining β phase is α→β transition in solid state, either under the influence of very high electrostatic field [15] , or mechanical deformation [16] [17] [18] [19] [20] [21] , as well as during crystallization from solution [22] [23] [24] . δ phase is usually obtained by poling of α phase material under moderate electrostatic fields [15] .
One of the experimental techniques used frequently for the analysis of phase content in PVDF samples is differential scanning calorimetry (DSC). Unfortunately, the value of melting enthalpy of β modification is still unknown and according to the recent knowledge the true melting enthalpy for such material has never been measured. Because of this, the melting enthalpy of α form, 104.5 J . g -1 [25] , is taken irrespective of the modification analyzed [26] [27] [28] [29] , leading in the case of existing β phase to very different DSC crystallinity as compared to crystallinity from other methods [26, 27] . The main aim of this work is to determine the melting enthalpy of β modification of PVDF.
Results and discussion
Macroscopic examination of dried PVDF films showed, that with decrease of the casting temperature, T C , the samples appearance changes from elastic transparent to brittle opaque-white. This observation corresponds to increasing porosity at lower casting temperatures as observed by optical microscopy (not shown). Figure 1 , that the general trend is an increase of β content with decreasing casting temperature, T C . This observation is consistent with Gregorio R. Jr [23] , stating that crystallization from DMF solution leads to formation of β crystals, only. The β bands are visible at all temperatures of casting, while there are no α bands for lowest temperatures T C , indicating existence of only β crystal phase. Figure 2 , that there is good coincidence between experimental and theoretical positions of α peaks. The existence of β modification is experimentally evidenced by presence of a broad peak β200/110, located c.a. 2θ= 20 o , seen on its own for sample crystallized at the lowest temperature, Tc= 27 o C. For samples crystallized at higher temperatures, the β200/110 peak is seen as a shoulder on the right of the α110 peak. More evidence is seen after deconvolution provided in Experimental part. The position of the β200/110 peak as registered is close to position calculated using crystallographic structure in [32] . It is seen from Figure 2 , that β modification is present in samples crystallized from solution at all temperatures. Additionally, it is seen, that there is general trend for increase of the α content with increasing casting temperature. This trend can be deduced especially from increasing intensity of α021 peak at 2θ= 25.95 o with corresponding decrease of the intensity of β200/110 peak.
Fig. 2. WAXS profiles registered at 25
o C for solution cast samples at various Tc, indicated, and of α phase obtained from melt at cooling rate of 10 K . min -1 . Arrows show theoretical positions of reflections calculated using d-spacing: α100 (4.94 Å), α020 (4.80 Å), α110 (4.43 Å), α021 (3.34 Å) [31] and β200/110 (4.27 Å) [32] . Quantitative analysis of phase content during heating at 30 K . min -1 of solutioncrystallized samples (using profiles in Figure 4 a-h) indicates melting of initial crystal structure, both α and β, without any recrystallization ( Figure 5 ). The intense melting in the temperature range between 150 o C and 160 o C is preceded by weak decrease of intensity of α and β reflections, indicating preliminary melting of smallest and most defective crystals at lower temperatures.
DSC curves registered during heating are shown in Figure 6 . In addition to the main endothermic peak corresponding to melting α and/or β crystals, there are two small peaks at lower temperatures. The position of lower one is invariantly at 65 o C, while the position of the higher one changes with the solution-crystallization temperature T C (Figure 6 b) .
Application of the peak separation procedure, using asymmetric logistic function (see experimental section) is presented in Figure 7 . The procedure allowed reliable determination of positions and heat transition associated with particular peaks, which is shown in Figure 8 .
Fig. 8.
Parameters of calorimetric peaks determined from DSC heating scans for samples crystallized from solution at various temperatures, T C : a) temperature at the maximum of the peak, b) area of the peak.
We suppose that the low temperature endothermic peaks, peak 1 and peak 2, with very low heat of transition (<3 J . g -1 ) as compared to main melting peak 3 are related to melting of small and defective secondary crystals formed at the temperature of casting (peak 2, position dependent on T C ), as well as during subsequent storage at room temperature (peak 1, same position for all samples). This hypothesis is consistent with results in [34] . Additionally, it is seen from Figure 8 , that the heat of melting of secondary crystals is practically independent of casting temperature. On the other hand, the area of the main melting peak 3, depends on casting temperature, being higher for lower T C , corresponding to samples with higher β content.
As it was ascertained by WAXS analysis that during heating only melting (no recrystallization) of crystal phases occurs, we decided to compare WAXS crystallinities of α and β phases, determined at 25 o C, with total melting heat as determined by DSC (peaks 1, 2 and 3). This is shown in Figure 9 . It is seen, that the heat of melting increases with increasing ratio of β to α content. . Fig. 10 . Values of the melting heat of 100 % of β crystalline PDVF, ΔH β 0 , as a function of α to β ratio (X α /X β ), determined from eq. (2) using DSC and WAXS results.
Having this new thermodynamic parameter for β phase, we can speculate on thermodynamic stability of this phase. Although there is no information in the literature on the equilibrium melting temperature of β phase, we can assume at the moment that, it is very similar to the melting temperature of α phase, as it is observed experimentally for melting temperatures of real crystals. In order to fulfill the condition of the same or very similar equilibrium melting temperature for both phases, it is needed that the entropy of melting of β phase would be also ca. two times higher than the entropy of melting of α phase. Figure 11 illustrates qualitative comparison of the Gibbs free energy as a function of temperature for α and β phases in poly(vinylidene fluoride). Assuming enthalpy and entropy being independent on temperature, the plot of Gibbs free energy, G i , of the ith phase vs. temperature, T, will take a linear form with entropy, S i , determined by a slope and enthalpy, H i , by an intercept:
Taking into consideration, that the ratio of the enthalpy and entropy of melting of the crystal c-th phase, ΔH c and ΔS c , respectively, defines the equilibrium melting temperature: 
where H A and S A denotes parameters for amorphous phase, taken arbitrarily. As it is seen from eq. (5), the difference between Gibbs free energy of various phases at particular temperature, defining thermodynamic relationship between various phases, is independent of the values of enthalpy and entropy of amorphous phase, H A and S A ,. respectively. . g -1 [25] , ΔH β = 219.7 J . g -1 ): a) assumption of the same equilibrium melting temperatures for both phases
It is seen in Figure 11a , that the high melting enthalpy of β phase as determined by us together with assumption T mβ 0 ≥ T mα 0 results in thermodynamic stability of β phase (as compared to α phase) in the whole temperature range below the melting point. In the case, when T mβ 0 < T mα 0 (Figure 11b) , some high temperature range of thermodynamic stability of α phase would be observed.
Conclusions
To our knowledge, the melting enthalpy of β phase in poly(vinylidene fluoride) determined here, is the first attempt, as yet. The value of the melting enthalpy of β phase determined as 219.7 J . g -1 is two times higher than the melting enthalpy of α phase. Such a large value can be justified by relatively strong polar interactions between parallel dipoles existing in TTT conformation of β phase. The much higher melting enthalpy of the β phase, than that of the α phase, indicates the only condition for α phase to be thermodynamically stable in some temperature range is lower equilibrium melting temperature of β than of α phase. If opposite condition is valid, i.e. T mβ 0 ≥ T mα 0 , the β phase is the thermodynamically stable phase in whole temperature range and the α phase, which is usually crystallizing from melt, may be considered as a metastable phase favored due to kinetic reasons. One should note, that the above conclusions has been drawn without taking into account other crystal phases of poly(vinylidene fluoride). 
Experimental part

Materials
mol
-1 , and a content of head-to-head defects of 5.2 %.
Sample preparation
Samples with various contents of β and α modifications were obtained by crystallization from solution in N,N-dimethyl formamide (DMF) (99.8 %, Carlo Erba Reagents) containing 20 % wt. of PVDF, according to the method described in [22, 30] . Solving was proceeded at 70 o C for 3 hours. Solution was cast onto a glass slide and the solvent was evaporated on the hot stage at various temperatures in the range between 27 and 155 o C. The resulting films had thickness ca. 80 μm. The time spent by films at casting temperature was at least four hours at the highest temperatures, and as long as 15 hours at room temperature. These rules were obeyed in order to obtain fully crystallized stable phases and without solvent (DMF), which needs longer time for full evaporation at lower temperatures.
Techniques
The structure analysis of the solution crystallized PVDF films has been performed by Fourier Transform Infrared Spectroscopy (FTIR) and wide angle X-ray diffraction (WAXS). FTIR investigations were performed at room temperature using Nexus ThermoNicolet spectrometer equipped with SmartPerformer for attenuated reflectance mode (ATR) with ZnSe crystal, providing spectra in range 4000-650 cm -1 . Resolution was set at 4 cm -1 with 32 scans for averaging.
WAXS investigations were performed at Synchrotron Source at DESY in Hamburg (Germany). The monochromatic radiation of wavelength, λ = 0.15 nm was used.
One-dimensional detector covering the angular range 2θ between 11 and 30 o was used. The time of registration was 5 seconds in heating regime and 60 seconds at room temperature. The primary beam intensity was measured by an ionization chamber and the scattering intensity was normalized by dividing by the intensity of primary beam. The spatial calibration was done using PET film. The intensity normalization was performed using the Otoko software. To determine α-and β-crystallinity, analysis of WAXS profiles was performed. The profiles were registered at room temperature, as well as during heating at 30 K . min -1 , which was the same in case of DSC measurements. Before deconvolution, WAXS intensity was corrected using Lorentz method, resulting in I(q)·q 2 vs. q profiles, where I is registered intensity, and q is a scattering vector, q=4π sinθ /λ, where 2θ is a diffraction angle, and λ -radiation wavelength. After subtraction of the background intensity, using second-order polynomial, WAXS profiles were subjected to deconvolution using area version of Gauss function for all peaks -four α peaks, one β peak, and one amorphous halo. Hence, the WAXS approximation took the form: where a and b are polynomial parameters of the background, I i -area, q ci -position of the maximum, and w i -half-width of the i-th peak. In case of three phases: α, β and amorphous, deconvolution required determination of 20 fitting parameters, what made analysis quite difficult. In case of profiles registered at room temperature, in order to reduce the number of fitting parameters, the parameters q ci , and w i were fixed as determined from profiles of pure α (melt crystallized) and pure β samples (solution crystallized at 27 o C). Figure 12 illustrates deconvolution of WAXS profiles into particular peaks according to our procedure.
Taking into account that the peaks positions are temperature dependent as a result of thermal expansion, the actual position at elevated temperature was derived from additional analysis of peaks positions during cooling from melt of sample crystallizing in pure α phase and during heating of pure β sample after crystallization from solution at 27 o C. The temperature dependence of interplanar d-spacing ( ) for α and β reflections determined during cooling at 10 K/min of melt crystallizing α sample and during heating at 30 K/min of β sample crystallized at 27 o C from solution; parameters of linear approximation are collected in Table 1 .
Further simplification of peak fitting procedure was done taking into account some relations between particular α peaks, determined using profiles for α sample (melt crystallized). It was assumed that the half-width of α peaks (100), (020) and (110) is the same (w (α100) =w (α020) =w (α110) ). Moreover, the relationships between the area of α peaks was determined as I (α021) =5,06·I (α100) ; I (α110) =2,95· I (α100) ; I (α020) =1,93· I (α100) and used as additional constrains in approximation procedure. Thus, the final approximation procedure for WAXS profiles analysis relied on 10 parameters only: 3 parameters for α phase -(I (α100) ; w (α100) ; w (α021) ), 2 parameters for β phase -(I (β200/110) The α and β crystallinities, x α and x β , were determined using areas, I hkl , of the respective α or β peaks, divided by the total area, I, containing crystalline peaks and amorphous halo recorded up to the scattering angle, 2θ = 30 
